Abstract-This paper reports on the design, fabrication, and performance of micro-sized fluidic devices that use electrowetting to control and transport liquids. Using standard microfabrication techniques, new pumping systems are developed with significantly more capability than open digital microfluidic systems that are often associated with electrowetting. This paper demonstrates that, by integrating closed microchannels with different channel heights and using electrowetting actuation, liquid interfaces can be controlled, and pressure work can be done, resulting in fluid pumping. The operation of two different on-chip pumps and devices that can form water drops is described. In addition, a theory is presented to explain the details of single-electrode actuation in a closed channel.
I. INTRODUCTION
V ARIOUS techniques have been reported to generate pressure and control fluids in microfluidic systems [1] . In some systems, pressure has to be supplied from an external macroscopic pressure source [2] . Systems that generate their own pressure "on chip" have been based on a number of effects, including electroosmosis [3] , [4] , electrophoresis [5] , electromagnetism [6] , acoustics [7] , and thermocapillary effects [8] , [9] . In addition, self-contained microelectromechanical system micropumps, which consist of moving solid boundaries, have been developed [10] .
One important (and arguably the most versatile) technique that can be used to manipulate fluids on a microscale is electrowetting [11] - [15] . In electrowetting, the surface energy between a fluid and a dielectric-coated electrode can be controlled with an applied electric potential. Electrowetting is unique, because it is a direct way of controlling the surface tension of a fluid; thus, it is particularly useful for microfluidics where surface-tension effects are dominant. It is also unique in its simplicity of fabrication. In the most basic electrowetting system, only a single-electrode level needs to be patterned. There are numerous microfluidic applications for electrowetting, including variable focus lenses [16] - [19] , electronic displays [20] - [22] , and biotechnology systems [23] , [24] . Electrowetting lends itself to manipulating discrete volumes of fluids; thus, microfluidics based on electrowetting is often referred to as digital microfluidics [24] - [27] . The majority of biotechnology applications that use digital microfluidics for the liquid transport mechanism do so by controlling discrete volumes, i.e., droplets [25] . Fluidic functions such as transporting, merging, splitting, and mixing of drops have been demonstrated [26] . Research in digital microfluidic-based biological applications includes polymerase for chain reaction for deoxyribonucleic acid analysis [27] , assays [28] , and protein analysis [29] .
Digital microfluidics has typically been implemented with an open fluidic design, where water droplets are vertically confined by two parallel plates but are free to move in both horizontal directions. Drops are transported by the proper sequencing of a voltage potential on an array of patterned electrodes [26] , [30] . This design is easy to fabricate but severely limits the types of functions that can be implemented. Closed-channel digital microfluidic structures, which permit active pumping, have only been explored by a few research groups [31] , [32] .
In this paper, we present a new type of electrowetting-based digital microfluidic device that uses closed microchannels to control and direct pressure. This new design allows for the implementation of basic fluidic components such as pistons and valves, which can further be integrated into a number of pump designs, droplet generators, and microfluidic transport systems. Starting with a theory of a single electrode that actuates in a microchannel, we present pumps for aqueous and nonaqueous fluids, as well as a digital microfluidic circuit that can generate/destroy droplets, and move them in an arbitrarily long channel using only a few electrodes.
II. DESIGN AND FABRICATION

A. Design
The microfluidic structure consisted of two wafers that were bonded together face to face, with the fluidic channels in between. The top wafer was 4 Pyrex and was allowed for optical observation of the fluids in the channels. The bottom wafer was 6 silicon, with fluidic ports drilled through the wafer to allow the introduction of fluids from the bottom. The electrode contacts were fabricated on the silicon wafer outside the 4 region where the top Pyrex wafer was bonded. The overall structure is shown in Fig. 1 .
B. Fabrication 1) Bottom-Wafer Process:
The fabrication process for the 6 silicon bottom wafer is shown in Fig. 2(a) . First, a 2-μm-thick layer of SiO 2 is deposited by plasma-enhanced chemical vapor deposition (PECVD). Next, a 300-nm Al layer is deposited and patterned to form the electrodes. A 2.7-μm-thick layer of SiO 2 is then deposited and polished by chemical-mechanical polishing (CMP) to 2 μm. After CMP, the contact pad openings are patterned and wet etched in HF. The microchannel layer is formed from an 11-μm-thick patterned SU-8 structural resist. A 10-s oxygen plasma is used to treat the SU-8 surface before the application of the amorphous fluoropolymer (aFP). The aFP film, i.e., 3% CYTOP in CYTOPSolv, is then spun on the wafer that covers the top of the SU-8, as well as the sidewalls and bottom of the channels. To prevent fluoropolymer streaking, the spin time is kept very short, i.e., only 2 s at 1000 r/min. After spinning, the wafer is baked at 90
• C for 30 s, which evaporates the remaining solvent, resulting in a 200-nm fluoropolymer film. The CYTOP aFP layer is further hardened by vacuum baking at 150
• C for 1 min. Finally, the fluidic ports are drilled through the wafer with a Gatan 601 ultrasonic drill. A thick resist layer is used to protect the CYTOP layer from damage and is removed in acetone after the drilling process is complete.
2) Top-Wafer Process: The fabrication process for the 4 Pyrex top wafer is shown in Fig. 2(b) . The microchannel layer is formed from an 11-μm-thick patterned SU-8 structural resist. A transparent 100-nm-thick indium tin oxide (ITO) is then sputtered onto the wafer. Finally, the aFP, i.e., 2% CYTOP, is spun on the wafer and baked. The process is similar to the one used for the bottom wafer and produces an 80-nm-thick fluoropolymer film.
3) Bonding: Next, the microfluidic structure is formed by thermally bonding the CYTOP surfaces of the two wafers. Wafer-to-wafer alignment prior to bonding is achieved with a contact lithography tool. The bond is formed with pressure applied to the top Pyrex wafer at 150
• C. Fig. 2 (c) shows the cross section of the bonded wafer. Finally, Nanoports (Upchurch Scientific) are epoxied to the bottom of the silicon wafer and threaded with Teflon tubing.
III. OPERATION OF A SINGLE ELECTRODE
A. Fluidic Fill
Initially, the entire microfluidic structure is filled with the dodecane oil. This instance spontaneously happens as soon as the oil is applied to one of the ports, because the oilfluoropolymer surface energy is much smaller than the airfluoropolymer surface energy. Once the structure is filled with oil, water is applied to the water port with a pressure P b . P b is defined as the difference between the water pressure at the water port and the oil pressure at the oil port. In our experiment, P b was controlled using a manometer with a pressure range of 0 to 15 kPa. The surfaces of all the fluidic channels are coated with an aFP, i.e., CYTOP; thus, the microchannels are hydrophobic, and a certain minimum pressure is required to fill them with water. The microchannels are much wider (W ≥ 100 μm) than they are tall (height = 11 μm or 22 μm); thus, it is the height that determines the dominant radius of curvature of the oil-water interface in the channel. The minimum pressure that was required to displace oil with water in a microchannel of height h can be calculated using Young's and Laplace equations [33] as
Strictly defined, ΔP is the difference between the water pressure and oil pressure at the oil-water interface. In addition, γ * w = γ we − γ oe , i.e., the difference between the water-aFP and oil-aFP surface energies, approximately 50 mJ/m 2 . There are two types of channels in our microfluidic structure: 1) oil channels, with a height of h o = 11 μm, and 2) water channels, with a height of h w = 22 μm. The minimum water pressure that was required to displace oil with water into the water channels is P min , which is equal to about 4.5 kPa for a water-dodecane system. The oil channels are half the height of the water channels; thus, the water pressure that was required to displace oil in them is twice as high P max , i.e., about 9 kPa. Because of the capillary pressure difference between the two channel heights, as long as P b is kept between P min and P max , water will displace oil from the water channels but not the oil channels. P b of 5.5 kPa worked well to give a slow controllable water fill. At this pressure, the water slowly displaces dodecane from the water channels but stops as soon as it reaches an oil channel (see Fig. 3 ).
B. Single-Electrode Actuation
The cross section of a single-electrode device after fluidic fill and prior to actuation is shown in Fig. 3 . The pressure across the water-oil interface without electrowetting is ΔP , as given by (1) . ΔP depends on the microchannel height h and thus is dependent on the interface position. We have the following three cases.
Case 1: Fig. 4(a) : When the interface is in the water channel, ΔP = 2γ * w /h w = P min . This condition typically only occurs during fluidic fill. If P b > P min , water will displace oil from the water channel. Case 2: Fig. 4(b) : When the interface is in the oil channel, ΔP = 2γ * w /h o = P max . This condition occurs when P b > P max , which is typically avoided. It will also occur when water is driven into the oil channel through electrowetting actuation, and then, the voltage is removed. terface is between the oil and the water channels and, typically, once the structure is filled. For this condition, the interface will adjust its curvature so that ΔP = P b , as long as P min < P b < P max and there is no voltage applied to the electrode. Cross-sectional schematic of the filled single-electrode structure. The water-filled channels have a height of hw, whereas the oil-filled channels have a height of ho. When the water-oil interface is at the boundary of the two heights, as shown here and in Fig. 4(c) , the effective capillary height h can change between ho and hw as the water-oil interface curvature changes. All these cases still ignore electrowetting; thus, they are only valid when the electrode is at 0 V or when it is not present. In electrowetting, the voltage that was applied to the bottom electrode V and its capacitances are important. The capacitances per area from the top ITO ground to the bottom electrode are C W in a water-filled channel and C O in the oil channel (see Fig. 3 ). We have
It is also convenient to define the difference between these two capacitances as C * = C W − C O . Note that C W does not depend on the channel height, because the water phase is treated as a conductor. When the voltage is switched on, electrowetting must be included into ΔP through Lippman's equation [33] in Case 2, where it is relevant for normal actuation. We have
Here, C * is used as the effective capacitance, because both the free energy associated with the oil capacitor and water capacitor must be considered. If ΔP = P b , there is no interface or liquid motion, because the applied pressure is balanced by the pressure drop across the oil-water interface. If ΔP = P b , then it is useful to define a working pressure P s = P b − ΔP . P s is the pressure that causes the interface and liquids in the system to move. A voltage that is sufficiently large to generate a positive P s will result in the movement of water into the oil channels. This actuation is shown in Fig. 5(a) . Upon actuation, if the voltage is removed, ΔP increases, P s changes sign, and now, a negative working pressure forces the interface back to its original position at the boundary between the water and the oil channels. This relaxation is shown in Fig. 5(b) . The working pressure during actuation is, in general, not of the same magnitude as the working pressure during relaxation; thus, the two processes will generally occur at different speeds.
To calculate a theoretical flow rate and, therefore, the speed with which actuation occurs, the fluidic resistance from the oil port to the water port must be considered. Fluidic resistance can be defined as R = P s /Q, where Q is the flow rate during actuation (in liters per second). Using elementary hydrodynamics, each rectangular section of channel with length L, height h, width W , and viscosity μ can be considered as contributing a flow resistance of To theoretically estimate the flow rate, first, R is calculated as the sum of all R N along the fluid path, and then the flow rate can be obtained as Q = P s /R. For the electrode in Figs. 5-7, the calculated R is 1.3 kPa · s/nL.
An actual flow rate can directly be obtained by measuring the actuation time with a CCD camera and considering the microchannel dimensions. A plot of flow rates that was measured this way for different actuation voltages and P b values is shown in Fig. 6 . Each voltage has a minimum P b at which actuation occurs, where Q ∼ 0 L/s. Q increases with higher P b and voltage, except for the relaxation return flow, which decreases with higher P b and is independent of the voltage that was applied during actuation. The point where Q = 0 L/s occurs when P s = 0 Pa and P b = ΔP . Thus, it is possible to obtain a measurement of ΔP by looking at the intercept of the lines in Fig. 6 with the axis of zero flow. Fig. 7 shows the comparison of measured and theoretical [see (4) ] values for ΔP .
IV. MICROFLUIDIC DEVICES
A. Droplet Generator
Multiple electrodes can be integrated into more complex microfluidic devices. For example, two electrodes can be used Fig. 8 . Top-down photographs of a droplet generator that creates a water droplet (1-4) . A reverse process can be used to destroy the droplet (4-1) . The oil phase consists of dodecane, the actuation voltage is 80 V DC, and the back pressure P b is 7.5 kPa. Electrode-electrode spacing is 2 μm. Fig. 9 . Top-down photographs of a three-electrode oil pump pumping (1-4) . The design consists of two oil valves and an oil piston. The top drawing shows top-down schematics and two cross sections along the dotted lines of the oil valves and piston in different positions.
to form a droplet generator. A droplet generator can be used to create or destroy water droplets in an oil channel, as shown in Fig. 8 . The spacing between the two electrodes, i.e., 2 μm, is important in this application; in general, it should be smaller than or equal to the dielectric thickness between the fluid and the electrode.
B. Oil and Water Pumps
Perhaps, the most important microfluidic device is a pump. Figs. 9 and 10 show a three electrode implementation of an oil pump and a water pump, respectively. The two pumps are designed in a similar way, with two valve electrodes and one piston electrode. Considering the oil pump first, the oil valves on either side of the central oil piston electrode function by blocking the oil channel with water when a potential is applied to them. Thus, the oil valves are open when their electrode potential is off and are closed when it is on. The oil piston works by using a single-electrode actuation to displace the oil with water. The oil piston is extended when its electrode is on and is retracted when it is off. The water pump components function in a somewhat complementary manner, although there are important differences in the engineering of the heights of the appropriate channel regions. When the water valve electrode is switched on, water fills the valve area, and the water valve is open. When the electrode is switched off, water retracts from the valve area blocking water flow in the channel with oil and thus closing the valve. The water piston is also implemented with a single electrode, but unlike the oil piston, it is extended when the potential is switched off and is retracted when it is switched on. Theoretically, the pumps can generate a pressure that is somewhat smaller than (P max − P min ), and when tested at typical operating conditions, they generated a pressure of 2.0-2.5 kPa.
C. Pressure Regulator
In all the aforementioned devices, the water phase was pressurized at a positive P b value through an external manometer. Clearly, it is advantageous to generate the required water pressure on chip and eliminate the need for an external pressure source during operation. This approach can be done with the use of a pressure regulator device, as shown in Fig. 11 .
The pressure regulator must be primed with water from the water port at P b > P min . However, once primed, the regulated water reservoir in the bottom of Fig. 11 is self contained, and its pressure P r is independent of P b . P r can electrically be regulated between P min , with V r at 87 V, and P max , with V r at 0 V. The relation for P r is similar to the one used for ΔP , i.e.,
Note that in theory, P r can be reduced to below P min with a sufficiently high voltage. However, in reality, the electrowetting Fig. 11 . Top-down photographs of the priming of a water pressure regulator (1-4). The P b water terminal is attached to the water port, but after priming, the Pr water terminal is an independent self-contained water reservoir. The Pr pressure can electrically be controlled [see (6) ] between P min and Pmax with the regulating electrode even after P b is removed and the water port is sealed. Fig. 12 . Top-down photographs of a microfluidic system with a droplet generator and a four-electrode push-pull oil pump. The system can be used to generate and pump water droplets in a closed channel. effect saturates [15] at approximately 90 V when γ we of the bottom electrode fluoropolymer is reduced to 0 mJ/m 2 . Trying to operate above the saturation voltage will lead to permanent damage of the fluoropolymer.
Using the pressure regulator, any system that requires a pressurized water source can be attached to a regulated reservoir. After fluidic fill and regulator priming, the external water manometer can be removed and the ports can be closed. Fig. 12 shows an integrated fluidic system with a droplet generator and two pumps at the ends of a long microchannel. With the proper timing sequence water droplets can be created and then moved in the microchannel. Fig. 12 shows 9 droplets created and then moved to the right. In general a wide variety of digital microfluidic components can be integrated into a system to control fluid flow.
D. Integrated Systems
V. TECHNOLOGY CONSIDERATIONS
The speed of actuation is dependent on the fluidic resistance R. A typical actuation time of 300 ms can be reduced by decreasing the fluidic resistance. In this experiment, one 500-μm-long electrode that was designed to reduce R actuated in less than 50 ms, and further gains are possible with scaling. The relatively high actuation voltage, which is up to 90 V, is common for electrowetting systems. This voltage can be reduced by making the dielectric over the electrode thinner [14] . One important consideration when designing an electrowetting system is the conductivity of the fluids. The water phase should be conducting, whereas the oil phase should be insulating. The limited conductivity of DI water is sufficient for the water phase. However, there is a stringent requirement on the resistance of the oil phase. Impurities that reduce the resistivity of the oil phase can short circuit the electrowetting effect, particularly in DC. For example, improper baking of SU-8 can leave sufficient solvent to make the oil very conductive. Oil conductivity can induce an interesting effect in AC actuation, where the oil-water interface will oscillate at the waveform frequency much like a vibrating string (see Fig 13) .
VI. CONCLUSION
The key contribution of this paper has been the integration of microchannels of various heights in an electrowetting system. The integration of microchannels allows for the selective filling of some regions with water and the implementation of critical microfluidic components such as valves and pistons. These basic components were further integrated into fluidic devices such as pumps that semicontinuously pump oil or water, droplet generators, and pressure regulators. Using basic components, complex systems can be assembled to perform a variety of functions such as transporting, forming, shaping, and combining droplets, regulating, and monitoring pressure.
